Executive Summary
Public capital provides a vital input for private sector production. It consists primarily of roads, bridges, sewer systems and water treatment facilities. Public capital enables geographic concentrations of economic resources and provides wider and deeper markets for output and employment.
Despite public capital's importance, its impact on business sector productivity growth or total economy GDP has not been widely analyzed. The omission largely results from a dearth of comprehensive data on infrastructure and the lack of a consensus about how best to estimate the impact of public capital. Public capital in North America tends to be publicly owned and financed through taxation so no markets exist for its output. Additionally, public capital in North America lacks close substitutes in the private sector making it infeasible to use private sector information as a proxy for the public sector. As a result, estimates of public capital's impact are not easily obtained.
Consequently, the role of public capital in business sector productivity growth has not been thoroughly investigated. This paper asks how much of labour productivity and multifactor productivity (MFP) growth can be attributed to investments in infrastructure.
The growth accounting framework currently employed for productivity analysis focuses on private sector inputs and outputs. MFP is calculated as the difference between the rate of growth of business sector output and a weighted sum of the growth in labour and capital that are applied by the business sector to the production process. The impact public capital at present is subsumed in MFP.
This paper makes use of a growth accounting framework and an estimate of the elasticity of business sector output with respect to public capital to examine the impact of public capital on productivity growth in the Canadian business sector. It does so by extending the inputs considered in the standard framework that estimates multifactor productivity to include both private sector inputs (labour and capital) but to also include public sector capital.
The paper examines several questions:
1. How much of labour productivity growth came from public capital deepening? Public capital's contribution to labour productivity averaged 0.2 percentage points per year from 1962 to 2006. Although modest when compared with the average contribution of 1.3 percentage points from private capital deepening, public capital nonetheless accounted for an average of 9 percent of labour productivity growth during the sample period.
2. How much of the conventional MFP growth estimate is due to public capital?
The conventional MFP growth estimate is measured as a residual after accounting for changes in private sector inputs. It, therefore, includes the contribution that public capital makes to private sector production. The conventional MFP growth estimate averages 0.4 percent per year.
The experimental MFP estimate calculated in this paper comes from analysis that explicitly includes a contribution to private sector value added from public capital. It, therefore, excludes the contribution of public capital from MFP growth. The experimental estimate averages 0.2 percent per year, half of the conventional estimate. Thus, 50% of the conventional estimate was due to the growth in public infrastructure.
3. Is public capital's contribution to productivity growth constant over time?
No. It was considerably larger in the earlier post-war period when investments in public infrastructure were largest. The largest contributions to labour productivity growth from public capital occurred in the 1962-1966 and 1967-1973 periods. During these years, public capital contributed 0.4 and 0.3 percentage points respectively to labour productivity growth. After 1980, public capital's contribution to labour productivity averaged only 0.1 percentage points per year.
Analysts using conventional multifactor productivity estimates have long been faced with the conundrum that productivity growth was much higher before 1980 than afterwards. The new measures that take into account the impact of public infrastructure substantially reduce the difference between the two periods, thereby demonstrating that part of the higher growth in the earlier period came from the very substantial growth in public infrastructure before 1980.
Did a reduction in government capital investment cause the productivity slowdown?
While the slowdown in productivity growth experienced in Canada coincided with slower growth in the stock of public capital, it is not possible to infer causality based on the analysis reported here. The slowdown in public capital investment occurred as decades of crosscountry highway expansion came to an end and scheduled projects came to a conclusion. The investment opportunities for the public sector were lessened as a result, leading to a natural decline in public sector investment.
5. How robust are the rate of return estimates used to gauge the impact of public capital on output?
The impact of public infrastructure is derived from the rate of return estimates of public infrastructure in Macdonald (2008) . Because this rate of return estimate is derived from econometric techniques, it is subject to statistical error. The true rate of return lies within a range around the estimate derived from the econometric technique. To address the uncertainty surrounding the true rate of return, a sensitivity analysis is performed which uses several approaches to gauge the robustness of results to alternate estimates of the rate of return:
1. Rate of return estimates of plus/minus 10 percentage points around the 17% value used in the main calculations are used to assess the sensitivity of results to alternate values of the rate of return. The magnitude of the average contribution of public capital to labour productivity growth varies from 0.1 to 0.3 percentage points as the rate of return changes; however, the conclusion that public capital makes an important contribution to productivity growth remains unchanged.
2. The base method used in the paper assumes that public capital's impact is constant over time. Analyses are performed to assess the sensitivity of the results to the use of a rate of return that varies over time. The time varying rate of return leads to results that generally agree with the results from the fixed rate of return. Public capital continues to be an important input into the private production process, and continues to be subsumed in traditional MFP estimates.
Introduction
Public capital constitutes a vital input for private sector production. It consists primarily of roads, bridges, sewer systems and water treatment facilities (Baldwin and Dixon 2007) . Public capital enables concentrations of economic resources and provides wider and deeper markets for output and employment. It constitutes a broad system that is provided at low cost to individual users.
Despite public capital's importance, its impact on business sector productivity growth or total economy gross domestic product (GDP) has not been widely analysed. The omission largely stems from the lack of information about the impact of public capital. Public capital in North America tends to be publicly owned and financed through taxation, so no markets exist for its output. Additionally, public capital in North America lacks close substitutes in the private sector, thus making it infeasible to use private sector information as a proxy for the public sector. As a result, estimates of public capital's impact are not easily obtained.
Consequently, the role of public capital in business sector productivity growth is not well documented. The growth accounting framework currently employed for productivity analysis focuses on private sector inputs and outputs. Inputs that are difficult to measure or include, such as research and development, changes in management structure and public capital are folded into estimates of multifactor productivity (MFP). Because public capital is subsumed in MFP, it is unclear how large an effect public capital has on productivity growth or whether the impact varies over time. This paper attempts to measure its contribution.
Multifactor productivity is the difference between the rate of growth of business sector output and a weighted sum of the growth in labour and capital that are applied by the business sector to the production process. These weights approximate the elasticity of output that is normally expected from the increase in these inputs. Since the weighted sum of inputs is constructed so as to approximate the increase in business sector output expected from the application of business sector inputs (using existing technology), the estimate of MFP is just the increase in output that occurs beyond that which is to be expected from existing production techniques. It comes from all inputs that are not measured-among other things, from organizational change and from new techniques not embedded in the increase in capital applied to the production process. It also comes from inputs outside of the business sector-such as public sector capital.
Public sector inputs are not easily accommodated by the growth accounting framework for several reasons. First, it is difficult to find reliable elasticity estimates for public capital that can be used to apply to the increase in public capital or that can be used to approximate just how much business sector output should be expected to increase as a result of additions to public capital. Research has not led to a consensus view about what a reasonable elasticity should be (see, for example, Aschaeur 1989 , Munnel 1990a and 1990b , Shah 1992 , Berndt and Hanson 1992 , Lynde and Richmond 1992 , Nadiri and Mamuneas 1994 , Conrad and Seitz 1994 , Morrison and Schwartz 1996 , Harchaoui 1997 , Fernald 1999 , Pereira 2000 , Ramirez 2004 , Bader and Faden 2005 , Macdonald 2008 ).
Second, even if estimates of the impact of public inputs are included in the growth accounting framework, issues arise as to how to treat the private sector production function that is traditionally used-whether it should still incorporate the traditional assumption of constant returns to scale.
Public capital's effect on the level of GDP in the public sector is, for similar reasons, problematic in present treatments. Within the private sector, capital must earn enough to cover, among other things, its depreciation and its opportunity cost. It must generate an economic return. When private sector output and GDP are measured, the return associated with the private capital stock constitutes an important component of income and affects the level of GDP.
On the other hand, the System of National Accounts 1993 does not presently include a return for publicly owned physical assets for its estimates of public sector GDP, because it is unclear what rate of return should be chosen. Therefore, only depreciation of public assets is included in public-sector GDP estimates. Since it is likely that public capital generates a positive return, it is also likely that current public-sector value-added estimates are too low, unless all benefits are captured as rents in the private sector. In addition to its effects on the level of GDP, underestimating public sector GDP also affects estimates of the shares of income accruing to labour and capital as well as public sector productivity estimates.
This paper investigates the effect of including an economic rate of return to public capital in Canada on both the estimate of MFP in the business sector and on estimates of public sector GDP. It is similar to Mas's (2007) study for Spain, except that this paper employs the econometrically generated rate of return estimates from Macdonald (2008) rather than using a private sector rate of return as a proxy for public capital's return as is done in Mas (2007) . It examines the impact of public capital on private sector labour productivity, and investigates the impact of imputing an economic rate of return to the use of public capital on estimates of GDP in the business sector and the total economy.
The remainder of the paper is organized as follows. Section 2 describes the growth accounting framework used for productivity analysis. Section 3 details how public capital's rate of return is included in GDP estimates. Section 4 demonstrates how public capital affects business sector productivity; in doing so, it provides an analysis of the sensitivity of the conclusions to a range of estimates of public capital's rate of return. Section 5 describes the data employed and the estimates of public capital's rate of return and elasticity. Section 6 presents the change in GDP that ensues from including an economic rate of return from public capital. It also presents estimates of how the modified measure affects the share of total income accruing to labour. Section 7 concludes.
Growth accounting

Estimating multifactor productivity
The growth accounting framework is a non-parametric approach to productivity analysis. Estimates for the output elasticities of private capital and labour ( , )
L K β β are generated under the assumptions that markets are competitive, that inputs are paid their marginal revenue product, and that the business sector production function exhibits constant returns to scale (i.e., 1
. Under these conditions, it is possible to estimate the elasticity of labour as labour's share of income and the elasticity of capital as one minus labour's share (Baldwin and Gu 2007) .
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Estimates of multifactor productivity (MFP) growth are derived as the residual portion of output growth after changes in inputs are accounted for-that is, the difference in achieved output minus the change in output that would have been expected given the increase in inputs that were devoted to the production process. MFP growth estimates are often interpreted as originating from technological change, but they also are caused by changes in other variables that are omitted from the production function, such as public capital or changes in organizational structure.
The traditional growth accounting framework decomposes changes in gross domestic product (GDP) into the portion that is caused by changes in labour, changes in capital and a residual called MFP, that is
All variables in Equation (1) can be directly measured, given the assumptions outlined above, from existing data, except for MFP. MFP is measured as the residual change in GDP after accounting for changes in inputs. The growth accounting equation can be re-written to estimate MFP as shown in Equation (2) ln ln ln ln
In Equation (2), the influence of public capital is subsumed in the MFP term.
Equation (2) is based on calculating MFP using value added as a measure of output. An alternative approach uses gross output and introduces intermediate inputs, such as energy, into the analysis. This paper employs the value-added approach because it matches the procedure in Macdonald (2008), from which the elasticity and rate of return estimates for public capital are taken. To explicitly analyse public capital's influence, changes in MFP are decomposed into the contribution from public capital and from technology. This approach adopts the usual assumptions about constant returns to scale across private inputs ( 1 L K β β + = ) and private factors being paid their marginal revenue product. Moreover, the private input elasticities ( L β and K β ) continue to be estimated as the share of income accruing to labour and capital. By doing so, we implicitly assume that public capital affects output growth, but not the share of income earned by labour and capital. This is in keeping with the assumption of a competitive economy-1. For an analysis of the effect of utilizing an alternative parametric framework on the estimates of multifactor productivity, see Baldwin, Gaudreault and Harchaoui (2001) .
because it presupposes that the benefits of public capital are competed away by the private sector.
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Estimates of MFP net of public capital's contribution to output growth are calculated as
The term MFP * represents MFP net of public capital. Because MFP is estimated as the residual after accounting for identifiable inputs, including an additional input while holding the previous terms constant, will reduce the estimate. MFP * is used throughout the paper when comparisons are made between MFP, which includes public capital and MFP, which is estimated net of public capital. Empirically, Equations (2) and (3) are related through the identity * ln ln ln
Decomposing labour productivity
For purposes of exposition, differences in MFP estimates are related to labour productivity growth. Within the growth accounting framework, it is possible to re-write Equation (1) as (see Baldwin, Gu and Yan 2007) ln ln ln ln
Hours Hours
where
= Contribution from all other factors than labour or capital.
2. While it is possible that public capital provision affects the return on private capital investment, and may influence income shares, sufficient data are not currently available to test this supposition. It is not currently clear how business sector incomes should be distributed if the elasticities of public capital, private capital and labour should be divided if they exhibit constant returns to scale. While previous studies have used capital and labour share of income to split the return on public capital between business sector inputs, this approach raises capital and labour income, but it does not change their shares. Consequently, there does not appear to be a large penalty from maintaining currently held assumptions about business sector income shares. 
Public sector gross domestic product measurement
Calculating public sector gross domestic product (GDP) is more challenging than calculating GDP in many business sector industries because there are no explicit markets for most of the services provided by governments. Consequently, it is not possible to calculate GDP using final sales. Rather, public-sector GDP is calculated using factor payments: the value of labour and capital services (earnings).
While this approach circumvents the problems that stem from the lack of markets for government services, it suffers from a different problem-finding a way to calculate the capital services provided by public infrastructure. Capital services represent the flow of payments that would have to be made to cover the rental of an asset-and is composed of payments for depreciation (δ ) and the rate of return ( r ) that would have to be paid on the capital investment. Competitive markets equate borrowing costs and rates earned. But the lack of a market for the services of public capital makes it difficult to ascertain what public capital's rate of return actually is and public borrowing costs may be quite different from actual returns because there is less likelihood that the two will be equated in the political domain. As a result, public sector GDP in Canada only includes labour income and depreciation of the capital stock. The estimate of public sector GDP does not include an estimate of a return on public investment This issue is resolved by Mas (2007) , who uses a private sector rate of return as a proxy for the public sector rate of return. The Mas study focuses on Spain, where both private and public sector investors provide infrastructure items such as roads or highways. By using the return from private companies engaged in infrastructure investment, Mas adjusts total economy GDP figures to include a rate of return attributed to publicly owned infrastructure.
For Canada, using a private sector rate of return for a proxy is less than ideal because the majority of public sector infrastructure in Canada does not have close private-sector equivalents. Consequently, this paper uses a rate of return for public capital that is generated econometrically.
In addition to estimating new multifactor productivity estimates that take into account public capital, this paper also modifies public-sector GDP estimates so as to investigate the impact of including an economic rate of return from public capital to provide a more comprehensive estimate of the value of capital services. Currently public sector GDP estimates are formed using labour payments and only capital consumption associated with public capital:
where w and L are the wage rate and hours worked, respectively, t K is the real public-sector capital stock (net of depreciation) and t U is the user cost of capital.
The user cost of capital provides an estimate of the flow of services provided by the stock of public capital. For the purposes of this paper, it is written in a form that excludes taxes and capital gains:
Current estimation of public sector GDP only includes the depreciation portion of the user cost (7). By including the rate of return earned by public capital, the estimate of GDP in the public sector will be raised by t t K rP dollars. The new estimate of GDP in the public sector will then be compared to the existing estimate.
The impact of public capital on business sector output
Because public capital in Canada does not have a market price, it is not possible to use nonparametric estimates for its elasticity ( g β ) in a production function. As a result, parametric estimates must be generated.
This study employs the estimates derived in Macdonald (2008) . Mindful of the need to evaluate the sensitivity of the parameters derived from multivariate analyses, Macdonald uses several different approaches.
The first makes use of a production-function approach and treats firms as viewing public capital as an unpaid factor of production when maximizing profit. Their output is assumed to be a function of private capital (K), labour input (L), public capital (G), and multifactor productivity ( ) MFP t :
A Cobb-Douglas function is used to generate parameter estimates of ( ) ( , , ) MFP t F K L G . The Cobb-Douglas function is employed because it is commonly used in the literature, making estimates comparable with previous studies. Additionally, the resulting elasticity estimates should be similar to the share of income accruing to labour and capital, and this provides a transparent, widely understood set of prior expectations against which the impact of including public capital can be examined. The second approach uses a cost function
where C is cost, MFP is multifactor productivity, p are factor costs and G is an estimate of public capital. The cost-function approach uses input prices as explanatory variables. Prices are more likely to be exogenous than the input variables used in a production function and this permits more accurate parameter estimates of the production function. As a result, the cost-function approach is viewed by many economists as a better way to estimate the impact of public capital.
In the cost-function approach, public capital is assumed to be an unpaid factor of production that affects the level of the variable cost curve.
We have two separate cost-function estimates of the impact of public capital derived from Statistics Canada's Capital, Labour, Energy, Materials and Services (KLEMS) database. The first comes from the work by , who used industry data. Macdonald (2008) extends this analysis using provincial data and an alternate approach to modeling the impact of public capital derived from Fernald (1999) . In the latter approach, the effect of public capital is subsumed in the transport-cost share of each industry.
Using production function and cost function estimates, Macdonald (2008) 'triangulates' on an estimate for the elasticity of public capital that is consistent across the different data sets and methodologies and that best overcome estimation problems.
Public capital and MFP behave similarly over time, making it difficult to econometrically disentangle their marginal impacts (Macdonald 2008) . Using the production-function approach, Macdonald finds the point estimate for the elasticity of public capital ( g β ) to be very sensitive to the manner used to derive an estimate of MFP. Estimates of MFP and the elasticity of public capital derived from the production-function approach are difficult to disentangle because they both track real GDP quite closely. This is a data, not an econometric or theoretical problem. In order to gain greater precision with regards to estimates of the output elasticity of public capital, either better data sets or an alternate cost function approach is needed for calculating the impact of public capital services.
Cost functions provide an alternative that have generated more robust estimates of the output elasticity of public capital. Using a cost function, report that the private-cost elasticity of public capital is 0.06. Their model allows for the existence of economies of scale and the expansion of public capital in response to increases in output that come from lower prices as the economy expands along a production function with economies of scale. Summing the two effects, report that, on average, a one-dollar increase in public capital reduces private production costs by 17 cents.
The approach adopted by Macdonald also uses a cost function approach to estimate the effect of public infrastructure ( g β ) by considering its impact on transportation costs. He also takes into account a number of data problems that were not considered in the study. Several different estimation techniques are employed to control for possible unit root issues and data sets that contain 'aberrant' observations because of macroeconomic shocks and possible discontinuities, either in product or industry taxonomies, that exist in the inputoutput tables.
Macdonald (2008) reports an estimate of the elasticity of the output with respect to increases in public infrastructure capital of around 0.1. To account for uncertainty surrounding the optimal estimation technique, this paper employs a sensitivity analysis using elasticity estimates of 0.05, 0.1 and 0.15.
The associated rate of return, which can be derived using the user-cost formula for the mid-point elasticity estimate, is 17%, which coincides with the total return reported in . The rate of return from the lower bound elasticity estimate of 0.05 is 7%, while for the upper bound elasticity estimate of 0.15, the rate of return is 26%. This range includes the private sector's rate of return being earned over the study period (Baldwin and Gu, 2007) .
Data and estimates
In order to calculate the nonparametric estimates of multifactor productivity (MFP) net of the impact of infrastructure capital, using Equation (4) and our estimate of g β , data for gross domestic product (GDP) and labour input are taken from the Capital, Labour, Energy, Materials and Services (KLEMS) dataset produced by the Micro-economic Analysis Division of Statistics Canada. Real business sector GDP is derived from the input-output tables produced by Statistics Canada.
The labour input variable employed is the labour services estimate from KLEMS. Labour services aggregates hours worked using wage rates as an indicator of the marginal product of labour. The labour services construct assumes that workers with higher marginal products earn higher incomes and, therefore, have a larger impact on output fluctuations.
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An analogous approach is used for private capital services. The user cost of capital is used as a weight to determine the relative importance of various types of capital stocks. 4 Importantly, the capital services used here for the analysis do not include land services. Because public capital investment can significantly affect the value-hence service value-of land, it is removed to avoid possible double counting when the impact of public capital is investigated.
The public infrastructure stock is calculated using the perpetual inventory method from investment data supplied by the Investment and Capital Stock Division of Statistics Canada. The investment flows are those found in the North American Industry Classification System (NAICS) 91 industry, which is referred to as the public sector throughout the paper.
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It should be noted that NAICS 91 excludes all industries in the health and education sectors, the majority of which are publicly financed. As a result, productivity estimates in this paper should not be used to draw conclusions about productivity in education or health care.
Impact of public capital on productivity growth
Public capital's expansion and, ultimately, its contribution to the business sector vary importantly over the 1961-to-2006 period (Table 1 and Chart 1). During the 1960s and 1970s, large-scale public works projects increased the network of inter-and intra-provincial highways. The centrepiece of this expansion was the Trans-Canada Highway-spanning approximately 7,800 kilometres-linking Canada's east and west coasts. Although the highway was officially opened in 1962, construction continued until the early 1970s. The highway has since had numerous upgrades that have twinned busy sections and have added extra lanes.
3. For more information see Gu et al. 2003. 4. For more information see Baldwin and Gu 2007; Gellatly, Tanguay and Yan 2003; and Harchaoui and Tarkhani 2003. 5 . Our public capital stock includes all investment in fixed assets by governments. All asset classes are employed for the sake of completeness. However, public fixed investment is dominated by investment in roads and bridges. For more information see Baldwin and Dixon 2007. During the 1960s, the net public capital stock grew by 3.6% on average. The expansion continued in the 1970s, when net stock of public assets rose on average 2.8% per annum. By the late 1970s, the expansion of the highway system was winding down and growth of the public capital stock slowed. Public capital stock expanded by 1.4% per year on average during the 1980s, half the average growth rate of the 1970s.
The slowdown continued into the 1990s, when governments sought to restrain deficits. During the 1990s, the net stock of public capital rose by only 0.8% per annum on average. However, when federal deficits were reversed in the mid-1990s, growth in the public capital stock turned negative-investment did not cover depreciation. By the late 1990s, investment and capital stock began growing again. After 2000, there was a resurgence in public infrastructure investment. From 2000 to 2006, the net public capital stock rose by 1.2% per annum, similar to growth in the 1980s.
The growth of real capital stock in the business sector follows a similar pattern over time. However, the slowdown of capital formation in the business sector was less pronounced than in the public sector. Business sector capital stock grew, on average, roughly 50% faster than public capital stock during the 1960s and 1970s. During the 1980s, 1990s and 2000s, growth in public capital declined more than the growth in business sector capital. Business-sector capital stock growth was double the growth in public-sector capital during the latter decades.
Chart 1 Log-level of real public capital 1961 1964 1967 1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 Real public captial stock net of depreciation logarithm Source: Statistics Canada. The contribution of public capital to multifactor productivity (MFP) and labour productivity growth are discussed below. Initially, the g β elasticity estimate of 0.1 is employed for analysis.
A second sub-section follows with a sensitivity analysis. In each section, MFP refers to the standard estimate while MFP * is calculated net of public capital.
What is the impact on multifactor productivity?
Measures of the impact of public infrastructure are provided by differences in the MFP estimates with and without public infrastructure (Chart 2). These differences are most pronounced in the earlier half of the sample period from 1961 to the early 1980s. The largest difference between MFP and MFP * occurs during the period when the inter-provincial highway system was being constructed. After the mid-1980s, and particularly following the 1991 recession, there is little difference between MFP and MFP * .
Once the impact of public capital is incorporated into the measures of MFP, productivity growth varies less over time. The conundrum of much more rapid productivity growth earlier than later in the period has concerned analysts for many years. It is partially explained by the omission from traditional MFP estimates of the impact of infrastructure capital. The quantitative effect of taking into account public capital for a number of subperiods is outlined in Table 2 -along with a decomposition of changes in labour productivity into changes in capital intensity (capital contribution), labour composition changes, and MFP. The latter is also decomposed into the changes arising from public capital provision and MFP * ( Table 2 ). The estimates in the first four rows are the same as in Baldwin and Gu (2004) except for capital which is calculated net of land in this study.
Over the entire 1962-to-2006 period, including the impact of public capital halves the contribution of MFP growth to labour productivity growth. MFP grows by an average of 0.4% per annum while MFP * grows only by 0.2% per annum. Thus half of the traditional MFP estimate is due to the growth of public capital.
How sensitive are the results to different elasticity estimates?
Estimates of public capital's elasticity are subject to the normal statistical uncertainty that is associated with the multivariate econometric procedures used for the estimation of this parameter.
To assess the importance of this uncertainty, the impact of public infrastructure is reestimated using a range of estimates of the elasticity of public capital-a confidence interval is derived by adding and subtracting 0.05 from the elasticity estimate of 0.1 taken from Macdonald (2008) . This range encompasses most of the more reasonable estimates found in cost-function based studies.
This range also includes the elasticity estimate that corresponds to a value that would produce a rate of return to public capital that is about equal to the long-term government bond rate. The marginal product estimate that equates the rate of return to public capital and the average longterm government bond rate is 0.06. This falls within the lower end of the range outlined above.
Estimates of public capital's contribution and MFP* are affected by the elasticity estimate employed (Chart 3 and Table 3 ). The influence is greatest during the period spanning 1961 to 1980. After 1980, there are only minor differences. For each 0.05 increase in the elasticity estimate, public capital's contribution to labour productivity growth rises by around 0.1 percentage points for the 1962-to-2006 period. The effect of increasing the elasticity estimate is larger during the earlier half of the period than the latter half, which is consistent with differences in the growth rates of public capital stock. For all three elasticity estimates, the contribution of public capital to productivity is higher during the 1960s and 1970s. Regardless of the estimate used, the productivity growth slowdown during the post-1980 period becomes less pronounced and the differences between the earlier and later periods are smallest for the highest estimates of the return on public infrastructure. When the impact of public capital is disentangled from MFP growth, MFP growth is lower and more consistent across time periods.
Chart 3 Multifactor productivity index with and without public capital
These results all presume that the elasticity of output with respect to investments in public capital remained constant over time. It has been argued (Fernald 1999 ) that the largest impact of building the North American highway system occurred in the earlier period when the network was first created. During this period, significant externalities could have been generated that accrued to private capital and that were not passed on to final prices via competition. If so, part of the return to private capital during the 1960s and 1970s would be due to the externality that private capital received from public sector investment. To allow for this possibility, the estimates of MFP* are re-estimated using time-varying elasticity estimates for public and private capital.
To calculate how elasticities varied over time, we estimated the proportion of the surplus accruing to the private sector that was due to the externality from public investment. Baldwin and Gu (2007) examine the difference between the endogenous and exogenous rates of return for private capital in the KLEMS dataset and found that the rate of return (i.e., the rate of return on capital derived from actual income) was larger than the average rate of return found in equity and debt markets early in the period, but not later. The difference between the rates is not large, around 1 percentage point, larger before 1980, and less thereafter.
A trend measure of the difference is used to re-distribute a share of private sector returns to the public sector. A log-trend estimate is chosen to ensure that the externality generated by public capital in the 1960s and 1970s fades over time. In each year, the trend difference is employed to redistribute a share of private sector income to the public sector. The redistributed income is combined with the income that would be generated if public sector services were to be sold on a market-the income that is consistent with the 17% mean rate of return from Macdonald (2008) .
The log-trend employed is consistent with the externality being essentially removed by the early 1980s (Chart 4). During the 1960s and 1970s, the time-varying rate of return is as much as 15
percentage points higher than the fixed rate, while during the 1980s and 1990s the gap shrinks to 2 percentage points. After 2000, the difference falls to around 1 percentage point.
The time-varying rate of return is used to generate a time-varying estimate for the elasticities of public and private capital. The elasticity of public capital now declines over time, beginning with a high of 0.15 in 1962 and reaching a low of 0.06 in 2003. Over the entire period, the elasticity averages 0.1, which is the same as the fixed rate estimate for this period used previously. 1961 1964 1967 1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 Fixed rate Variable rate percent Source: Statistics Canada.
Chart 4 Fixed versus variable rates of return estimates
Because some of the return from private capital has been transferred to the public sector, the private sector now exhibits decreasing returns to scale. The largest proportional transfer of income occurs in 1961, when the scale economy estimate is 0.94. The scale estimate climbs quickly, however, reaching 0.98 in 1969 and 0.99 by the end of the 1970s. By 2000, the amount of income being reallocated is so small that the private sector scale estimate has, for practical purposes, returned to 1. There is no change to the estimate of labour's elasticity.
When the variable elasticity estimates of the impact of public capital are combined with the adjusted elasticity estimate for private capital and with labour's unchanged estimate, the new value of MFP*(variable) can be calculated using Equation (3). The estimates of the standard MFP estimate from (2), the estimate with the fixed elasticity of public capital, MFP*, and the estimate with the variable impact of public capital, MFP*(variable), are compared in Chart 5.
The largest difference between the MFP, MFP* and MFP*(variable) is found in the years prior to 1980. As noted, after 1980 the expansion of the road network was broadly completed. In the post-1980 years, there is little difference between the varying estimates of MFP growth.
Prior to 1980, however, the method for including public capital has important consequences for MFP estimates. The largest growth is seen in the traditional estimate that includes the impact of public capital while the smallest growth comes from MFP*, which uses the fixed rate of return for public capital. The MFP*(variable) falls in the middle. While it allows for an increased impact from public capital, it simultaneously lowers the contribution from private capital investment. Because private capital investment outpaced public sector investment during the 1960s and 1970s, when the elasticity of private capital is lowered there is less explained growth and the MFP estimate rises. 1961 1964 1967 1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 Recognition that public capital provides a positive rate of return not only permits more precise estimates of productivity growth to be derived for the business sector, it also allows for a more accurate depiction of the manner in which output in the public sector is derived from labour as opposed to capital inputs. At the present time, government output appears to be far more dependent on labour input than is output in the business sector, since the share of income attributed to labour is far higher in the public sector.
The System of National Accounts currently calculates public sector gross domestic product (GDP) by adding up labour and capital income. However, because government outputs are not traded on well defined markets, it is not possible to calculate rates of return for government investment in a manner analogous to investments in the business sector. Moreover, government capital lacks close substitutes in the business sector in Canada that could be used as proxies for the rate of return earned by public capital. Consequently, the only income attributed to public capital in the estimates of public-sector GDP is the depreciation attributed to public capitalthere is no return attributed to this capital. This potentially underestimates the amount of output that is derived from capital in the public sector.
One way to overcome this deficiency is to use the long-term government bond rate as the rate of return attributed to public capital-by arguing that this, at least, provides the opportunity cost of capital. In this paper, we use an alternative-the direct rate of return implied by the estimate of the elasticity of the reduction in private costs arising from an increase in public infrastructure. This rate of return can be derived from estimates of the output elasticity by employing a user cost of capital formula. Macdonald (2008) 6. The mid-point estimates of 17% are remarkably consistent with estimates of the internal rate of return to business sector capital investment in Canada. Using the Input/output estimates of industry surplus and the capital stock estimates in KLEMS, Baldwin and Gu (2007) calculate the internal rate of return for capital in the business sector as 15%. In light of the uncertainty surrounding the estimate of public capital's rate of return reported in Macdonald (2008) , this suggests that the rates of return do not differ greatly between the business and public sectors. These rate-of-return estimates are used here to modify currently published GDP estimates by adding a rate return to public capital. Estimates of nominal GDP are calculated in basic prices to provide consistency with the Canadian Productivity Accounts.
When this is done, the estimate of total GDP rises by as much as 9.1% or as little as 1.2%, depending on the year and the rate of return estimate used (Chart 6). For all three estimates, the addition to GDP provided by recognizing the return to public capital declines over time, since increases in the public capital stock fail to keep pace with business sector growth over the period. Using the mid-point estimate of a 17% return, nominal GDP rises by 5.9% in 1961 and trails off to an increase of 3.1% in 2003.
The inclusion of an economic rate of return to public capital, while tending to make a modest contribution to total economy value added, has more important implications for the share of income accruing to labour in the total economy. Because current estimates of the return to public capital only include capital depreciation, the labour share of income in the public sector is higher than in the business sector.
When the business and public sectors are combined to estimate labour share of income in the total economy, the estimate rises (Chart 7), because the return to capital income in the public sector is at present omitted. The labour share of income in the total economy averages 0.60 when the return on public capital is included, as opposed to 0.63 when the return on public capital is excluded. The labour share of income in the business sector is 0.61.
The inclusion of a return from public capital also changes the trend in the share of income accruing to labour. While labour share tends to decline each year when there is no return, or when the business sector is examined in isolation, the decline is less pronounced when a return to public capital is included. This difference stems from changes in the estimate of total income accruing to labour and capital in the public sector. Currently, estimates suggest that share of income accruing to labour in the public sector is around 0.8, while the share going to capital is around 0.2 (Chart 8). These shares are dramatically different from the average shares in the business sector.
By including a 17% return from public capital, these shares are altered considerably. In 1961, the share accruing to labour decreases from .80 before the correction to 0.48 after the correction. 
Conclusion
Public capital provides a vital input for private sector production. Public capital facilitates concentrations of economic resources and enables the development of wider and deeper markets for output and employment.
Despite public capital's importance, its impact on business sector productivity growth or total economy gross domestic product has not been widely analysed. The omission largely stems from the lack of quantitative information about public capital's impact on production. Markets do not exist for its output. And without these markets, measures of the output of public capital are more difficult to derive than for the business sector. Additionally, public capital in North America lacks close substitutes in the private sector, making it infeasible to use private sector information as a proxy for the return on public investment. As a result, estimates of the output elasticity of the private sector in response to investments in public capital sector must be derived econometrically.
Elasticity estimates employed in this paper come from econometric estimates taken from Macdonald (2008) . The estimates (0.05, 0.1, and 0.15) provide a range that includes the more credible found in cost-function based studies. These elasticity estimates are used to calculate the impact of infrastructure on productivity. The impact of public capital in Canada is normally subsumed into multifactor productivity (MFP) estimates, which makes MFP growth stronger during the 1960s and 1970s, when there was a significant expansion of the Canadian highway system. This occurs regardless of whether a fixed or variable rate of return on public infrastructure is employed.
While public capital is responsible for a large portion of the MFP growth experienced in the 1960s and 1970s, the slowdown in MFP growth in the 1980s and early 1990s should not be attributed to a reduction in infrastructure investment. It is possible that public sector investment slowed during this period only because the highway system had reached maturity, reducing the necessity of continued rapid expansion of the public capital stock.
When the impact of MFP and public capital are disentangled, public infrastructure is found to have accounted for half the estimate of productivity growth. Public capital's contribution to productivity growth varies over the last 47 years, with the largest impact found during the 1960s and 1970s. In the 1980s, 1990s and 2000s, the contribution of public capital is roughly two thirds lower than in the earlier period.
Analysts using conventional multifactor productivity estimates have long been faced with the conundrum that productivity growth was much higher before 1980 than afterwards. The alternate productivity measures that take into account the impact of public infrastructure substantially reduce the difference between the two periods, thereby demonstrating that part of the higher growth in the earlier period came from the very substantial growth in public infrastructure before 1980.
Including public capital in the private sector production function does not completely explain why productivity growth was stronger during the 1960s and 1970s than in subsequent decades. Nevertheless, recognizing its impact helps to explain why MFP growth was faster in the 1960s and 1970s than in the later decades of the 20th century.
Taking a more comprehensive view of the impact of public infrastructure has a second benefit. When the output elasticity of public infrastructure is used to estimate the return on public capital and re-estimate public sector GDP, the latter increases and the accompanying share of labour income in the total economy becomes more stable. It also more closely approximates estimates for the business sector.
